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Abstract 

Alzheimer's disease (AD), the most common form of dementia in the elderly, is characterized by two neuropathological 
hallmarks: senile plaques, which are composed of A(5 peptides, and neurofibrillary tangles, which are composed of 
hyperphosphorylated TAU protein. Diabetic patients with dysregulated insulin signalling are at increased risk of developing 
AD. Further, several animal models of diabetes show increased A(3 expression and hyperphosphorylated tau. As we have 
shown recently, the anti-diabetic drug metformin is capable of dephosphorylating tau at AD-relevant phospho-sites. Here, 
we investigated the effect of metformin on the main amyloidogenic enzyme BACE1 and, thus, on the production of AP 
peptides, the second pathological hallmark of AD. We find similar results in cultures of primary neurons, a human cell line 
model of AD and in vivo in mice. We show that treatment with metformin decreases BACE1 protein expression by 
interfering with an mRNA-protein complex that contains the ubiquitin ligase MIDI, thereby reducing BACE1 activity. 
Together with our previous findings these results indicate that metformin may target both pathological hallmarks of AD and 
may be of therapeutic value for treating and/or preventing AD. 
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Introduction 

Alzheimer's disease (AD) is characterized by progressive 
neuronal loss in brain areas underlying memory and higher 
mental functions and is the most common form of dementia in the 
elderly. The disease was first described in 1906 by Alois Alzheimer 
[1,2], who observed two pathological hallmarks in patients' brains: 
senile plaques, which consist of Afi peptides, and neurofibrillary 
tangles, which are composed of hyperphosphorylated TAU 
protein. A(3 peptides are formed by sequential proteolytic cleavage 
of the amyloid precursor protein (APP). While the non-amyloido- 
genic pathway involves sequential cleavage of full-length APP by 
the ot-secretases (TACE, ADAM 10) followed by cleavage by the y- 
secretase, the first step of the amyloidogenic pathway and 
therefore in Afi formation is cleavage of full-length APP by the 
P-secretase BACE1. The resulting C-terminal fragments (P-CTF) 
is cleaved by the Y- secre t ase ; which generates AP [3]. Multiple 
lines of evidence have shown that overproduction of AP results in 
neuronal dysfunction and, eventually, neuronal death [4], BACE1 
can cleave APP at two different sites: at AP Aspl, producing AP in 
the amyloidogenic pathway; or AP Glu 1 1 , producing truncated 
non-amyloidogenic Ap. Under physiological conditions, BACE1 
cleaves APP at Glu 1 1 , whereas cleavage at the Asp 1 -site is 
enhanced in AD models [2]. BACE1 has a paralogue, BACE2, 
that shares 64% amino acid similarity. BACE2 cleaves APP at a 
different site than BACE1, thereby abolishing AP production [7]. 
Furthermore, BACE2 mRNA is expressed at undetectable or very 



low levels in the human brain [5]. Therefore, while BACE1 is 
thought to be responsible for neuronal substrate processing, 
BACE2 serves a similar role in other tissues, such as the pancreas 
[6] . Together, these findings indicate that BACE2 is of limited 
relevance in driving AD pathology. 

The second pathological hallmark of AD - neurofibrillary 
tangles - are mainly composed of hyperphosphorylated TAU. 
Normally, TAU is a microtubule-associated protein that stimulates 
and stabilizes microtubule assembly. Tau in AD patients' brains 
shows three- to four-fold higher phosphorylation levels compared 
to non-AD brains. Upon phosphorylation, TAU dissociates from 
microtubules, resulting in microtubule destabilization [8,9]. The 
main TAU phosphatase is protein phosphatase 2A (PP2A), which 
is capable of dephosphorylating TAU at AD-relevant phospho- 
sites [10]. 

Patients who suffer from type 2 diabetes mellitus (DM) are at 
increased risk of developing AD [11-13] and AD patients show 
decreased insulin-IGF-lR signalling. The underlying cellular 
mechanisms for this association are still unclear but insulin 
signalling resistance is also a typical hallmark of DM. Insulin plays 
an important role in controlling glucose metabolism. It activates 
the insulin receptor, which leads to activation of the IRS family of 
proteins. Phosphorylated IRS then activates its downstream 
targets. Among them, PI3K has a major role in insulin function, 
mainly via activation of Akt. Activated Akt induces glycogen 
synthesis via inhibition of GSK-3, and it induces protein synthesis 
through mTOR signalling (reviewed in [14-17]). Numerous 
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animal models for DM have been developed and it has been 
shown that both AP and hyperphosphorylated tau are increased in 
those DM models [18,19]. Various treatments for DM have been 
developed and one of the most commonly used oral hypoglycae- 
mic medications is metformin [20,21]. 

As we have shown recently, metformin is capable of dephos- 
phorylating tau at AD-relevant phospho-sites [22] . Metformin can 
induce PP2A activity by interfering with the assembly of the 
MIDl-PP2A-complex. MIDI is an E3 ubiquitin ligase that binds 
to PP2Ac via its regulatory subunit 0(4 and catalyses the ubiquitin- 
dependent degradation of PP2Ac [23]. Furthermore, the MIDI 
protein complex stimulates translation of mRNAs that are 
associated with this protein complex [24,25]. Upon metformin 
treatment, the ubiquitin-dependent degradation of PP2Ac is 
inhibited, resulting in increased PP2A activity and dephosphory- 
lation of tau at AD specific sites [22]. 

Based on this observation, we wanted to analyze the effects of 
metformin on the second pathological hallmark of AD, the senile 
plaques, which are composed of A(3 peptides. Here we show that 
metformin decreases BACE1 protein levels in both cell culture 
models and in vivo. Metformin dephosphorylates the translation 
regulator S6, thereby reducing BAGE1 protein translation. As a 
result of this decrease in BACE1 protein level, the cleavage of APP 
is reduced. Our data suggest a potentially beneficial role of 
metformin in the prophylaxis or therapy of AD, since it acts on 
both pathological hallmarks of AD, tau-hyperphosphorylation [22] 
and APP cleavage by BACE1. 

Methods 

Stably transfected SH-SY5Y-APP swe cell line 

To generate the stably transfected SH-SY5Y-APP swe neuro- 
blastoma cell-line, SH-SY5Y cells were transfected with pcDNA-3- 
hAPP695 harboring the Swedish mutation (hAPP695 swl: ) using 
Effectene (Qiagen) according to the manufacturer's instructions. 
Selection of successfully transfected cells was started after 72 h 
using DMEM with 1 mg/ml G418 (Sigma). After 1 week of 
selection single clones were picked and transferred into 96-well 
plates (Greiner-bio-one) using DMEM with 1 mg/ml G418. 
Clones were expanded by cultivation using DMEM with 
0.5 mg/ml G418. APP overexpression was tested by western blot. 



Primary neurons 

Primary cortical neurons were isolated from wild-type mouse 
embryos at day 14.5. Cortices were collected and cells were 
dissociated by incubation with Trypsin/EDTA for 6.5 min at 
37°C. Cells were cultured in neurobasal medium containing B27 
(Invitrogen). Cells were seeded onto plates coated with 0.2 mg/ml 
poly-D-lysin (Sigma) and 2 (Xg/ml laminin (Sigma) and incubated 
at 37°C with 5% C0 2 . After 4 days in culture, a complete change 
of medium was performed and neurons were treated with the 
respective substances 24 h later. 

Treatments 

Cells were incubated with the indicated substances as follows: 
Metformin (MP Biomedicals) at final concentrations up to 2.5 mM 
for 1 to >24 hours, mTOR inhibitor Temsirolimus (Sigma) at a 
final concentration of 1 |lM for 24 hours, AMPK inhibitor 
compound C (Calbiochem) at a final concentration of 2.5 |J,M for 
24 hours, S6K1 inhibitor II, DG2 (Calbiochem) at a final 
concentration of 2.5 |iM for 24 hours, and PI3K inhibitor XI, 
HWT (Calbiochem) at a final concentration of 1 |iM for 24 hours. 

Western blot 

Cell pellets or brain samples were homogenized either in RIPA 
buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 

1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM 
sodium pyrophosphate, 1 mM P-glycerophosphate, 1 mM 
Na 3 V0 4 , 1 ug/ml leupeptin) or in SDS PAGE buffer B (40 mM 
Tris-HCl pH 6.8, 4% glycerol, 2% SDS, 0.01% bromphenolblue, 

2 mM mercaptoethanol), sonicated and boiled for 5 min at 95°C. 
Proteins were analyzed on 10 or 12% SDS gels or on 16% Tris- 
Tricine gels (for CTF) and blotted onto PVDF membranes 
(Roche). Blots were blocked in milk and incubated with the 
antibodies listed below. 

The resulting bands were quantified using AIDA software 
(Raytest). Statistical analyses were performed using one-way 
ANOVA with post hoc Dunnett's test to accommodate for 
multiple comparisons or Student's T-test for two-group compar- 
isons, as appropriate. 

Antibodies 

BACE1 and TACE antibodies were purchased from Millipore 
or from Abeam. The following antibodies were purchased from 
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Figure 1. Metformin treatment reduces BACE activity. Primary neurons were treated with or without 2.5 mM metformin for 24 hours. BACE 
activity in the lysate was analyzed in a fluorometric p-secretase activity assay. (A) The reaction was followed over a time-course of 120 min. Lines 
represent mean values of fluorescent signal (relative fluorescence units (RFU)). (B) Data at time point 120 min of the assay from (A) is shown in a 
graph. Columns represent mean values +/- SEM. n = 3 per group, p<0.05. 
doi:1 0.1 371 /journal.pone.01 02420.g001 
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Figure 2. Metformin decreases BACE1 protein level. (A) Primary neurons were treated with increasing concentrations of metformin for 24 
hours and BACE1 protein levels were analyzed on western blots using BACE1-, TACE- or p-actin-specific antibodies. Graphs show quantification of 
western blots, mean values +/— SEM. n = 7 per group, * = p<0.05. (B, C) Relative BACE1 and TACE mRNA expression was measured in cells treated as 
in (A) by means of real-time PCR. Columns represent mean values +/- SEM. n = 8. 
doi:1 0.1 371 /journal.pone.01 02420.g002 



Cell signalling: S6, pS6, P-actin and GAPDH. CTF antibodies 
were purchased from Sigma. 

BACE activity assay 

BACE activity was measured using the fluorometric P-secretase 
activity assay (Abeam). Briefly, primary cortical neurons (untreated 
controls or treated with 2.5 mM metformin for 24 hours) were 
lysed and the reaction buffer and P-secretase substrate were added. 
The reaction was measured in a fluorescence plate reader with Ex 
335-355 nm and Em 495-510 nm. The P-secretase substrate is a 
peptide conjugated to the two reporter molecules EDANS and 
DABCYL. In the un-cleaved form, the fluorescent emissions from 
EDANS are quenched by the DABCYL moiety. Cleavage of the 
peptide by the P-secretase separates EDANS and DABCYL 
leading to a fluorescent signal. P-secretase activity can be 
expressed as the relative fluorescence units (RFU) per |lg of 
protein sample. 



Real-time PCR 

Total RNA was isolated using the RNeasy Mini Kit (Qiagen). 
cDNA was synthesized using the TaqMan reverse transcription 
reagents kit (Applied Biosystems) and real-time PCR was carried 
out using the SYBRGreen PCR master mix (Applied Biosystems). 
Primers used are listed in Table SI. 

In vivo treatments 

All animal work has been conducted according to relevant 
national guidelines and has been approved by the responsible 
authority (Landesamt fur Natur, Umwelt und Verbraucherschutz, 
Nordrhein-Westfalen, permit number 87-51.04.2011. A049/01). 
Female wild type C57BL/6J mice (age 12 weeks) were treated for 
2 weeks with 5 g/1 metformin (—0.03 M) in the drinking water 
with daily change of water and addition of fresh metformin. Water 
intake and body weight of the animals were monitored. After 2 
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Figure 3. BACE1 cleavage products are reduced after metformin treatment. SH-SY5Y-APP swe cells were treated with increasing 
concentrations of metformin for 24 hours and protein levels were analyzed on western blots using CTF-specific antibodies. Graphs show 
quantification of western blots, mean values +/- SEM. n = 4 per group, * = p<0.05. 
doi:1 0.1 371 /journal.pone.01 02420.g003 
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Figure 4. BACE1 translation is regulated by pS6 and inhibited by metformin. (A) Metformin decreases phosphorylation of S6. Primary 
neurons were treated with increasing concentrations of metformin for 24 hours and phosphorylation of S6 was analyzed on western blots using pS6-, 
total S6- or p-actin-specific antibodies. Graphs show quantification of western blots, mean values +/- SEM. n = 5 per group, * = p<0.05. (B) Two 
different in vitro transcribed, biotinylated BACE1-mRNA fragments containing a putative MIDAS structural motif were incubated with cell lysates that 
were transfected with MIDI -FLAG. RNAs were immobilized on streptavidin-coated magnetic beads. After extensive washing RNA-bound proteins 
were analyzed by western blotting using antibodies detecting MIDI -FLAG, S6K, and S6. As a negative control an experiment with RNAse treatment 
was performed. (C) RNA immunoprecipitation. Primary neurons were transfected with MIDI -FLAG and incubated with or without metformin. 
Afterwards MID1-mRNPs were purified by immunoprecipitation and MIDI -bound mRNAs were analyzed for the presence of BACE1 mRNA using 
realtime-PCR. Columns represent mean values +/- SEM. n = 4 (D) Kinase inhibitors involved in regulating S6 phosphorylation decrease BACE1 protein 
levels to a similar extent as metformin. Primary neurons were treated with 2.5 mM metformin, or 1 |0,M Temsirolimus (an mTOR inhibitor), or 2.5 uM 
compound C (an AMPK inhibitor), or 2.5 uM DG2 (an S6K1 inhibitor), or 1 uM HWT (a PI3K inhibitor) 24 hours, after which BACE1 protein levels were 
analyzed on western blots using BACE1- or p-actin-specific antibodies. 
doi:1 0.1 371 /journal.pone.01 02420.g004 

weeks of treatment, animals were sacrificed and brains were snap- 
frozen in liquid nitrogen and broken up using a mortar. 

RNA protein pull-down 

BACE1 mRNA fragments containing MIDAS-structure-motifs 
were amplified by PCR, treated with proteinase K and purified by 
phenol-chloroform extraction. In vitro transcription was performed 
using the RiboMAX Large scale RNA production system-T7 
(Promega) in combination with biotinylted UTP. The resulting 
biotinylated RNAs were purified by phenol-chloroform extraction. 
After preincubation of RNA with HeLa-protein extracts, RNA 
pull-down was performed using streptavidin-coated magnetic 
beads (life technologies). 



RNA immunorecipitation 

Murine primary neurons were transfected with FLAG-tagged 
MIDI using CaCl 2 . 24 hours after transfection cells were treated 
with or without 2.5 mM metformin and incubated for another 
24 h. After UV-crosslinking (200 mj/cm 2 ) cells were lysed in 
TKM buffer (20 mM Tris pH 7.4, 100 mM KC1, 5 mM MgCl 2 , 
complete protease inhibitor cocktail (Roche), RNAse inhibitor, 
0.2% NP40) and MIDl-protein complexes were purified by 
immunoprecipitation using anti-FLAG-agarose (Sigma) or IgG- 
agarose (Sigma) as negative control. Protein-bound mRNA was 
isolated after DNAse and proteinase K digestion by phenol- 
chloroform purification. Afterwards protein-bound mRNAs were 
analyzed by realtime-PCR. 
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Figure 5. Metformin reduces BACE1 protein levels in vivo. Wild type mice were treated for 2 weeks with 5 g/l metformin in the drinking water 
(=0.03 M). Brain lysates of these mice were analyzed on western blots detecting BACE1 , pS6, total S6, GAPDH and p-actin. Bars represent mean values 
+/- SEM, (n = 5 per group, *p<0.05). 
doi:1 0.1 371 /journal.pone.01 02420.g005 



Results 

BACE1 protein levels decrease upon treatment with 
metformin 

In an initial set of experiments we analyzed how metformin 
affects the (3-secretase BACE1 in murine primary neurons. For 
that, primary neurons of wild-type mice were incubated with 
2.5 mM metformin for 24 hours and the activity of the P-secretase 
BACE1 was analyzed in an enzyme activity assay. Metformin 
treatment significantly reduced the BACE1 activity compared to 
untreated control samples (Fig. 1A and IB). This could be due to 
either decreased BACE1 protein levels or by reduced BACE1 
enzyme activity. To determine which of these is the case, we 
treated primary neurons with increasing concentrations of 
metformin for 24 hours and quantified BACE1 protein levels on 



western blots. We observed a significant reduction of BACE1 
protein after metformin treatment (Fig. 2A upper panel). 
Interestingly, BACE1 mRNA levels did not change after 
metformin treatment as measured by real-time PCR (Fig. 2B), 
indicating that BACE1 was not down-regulated at the transcrip- 
tional level. Of note, neither protein nor mRNA levels of the ot- 
secretase TACE changed significantly after similar metformin 
treatment (Fig. 2A, 2C), showing that there was no global 
translational alteration due to metformin treatment. Together, 
these data show that metformin treatment decreases the protein 
expression of BACE1. 
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Figure 6. Hypothetical model of the MIDI regulatory complex. A schematic representation of the MID1-PP2A complex with S6K and S6 is 
shown. MIDI binds to PP2A via its4 regulatory subunit, causing degradation of PP2A and increased phosphorylation of TAU. The MIDI complex also 
binds to the BACE1 mRNA. By reducing the activity of PP2A and thereby promoting phosphorylation, S6K gets activated and phosphorylates S6. 
Activated pS6 can then stimulate S6-dependent translation. After metformin treatment, the MIDI -complex disassembles and, due to increased PP2A 
activity, S6-dependent translation of the BACE1 mRNA is reduced and phosphorylation of TAU decreases. 
doi:1 0.1 371 /journal.pone.01 02420.g006 
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BACE1 cleavage products decrease after treatment with 
metformin 

The first step in A(5 formation is cleavage of full-length APP by 
the P-secretase BACE1, generating the N-terminal soluble APPfJ 
and the beta C-terminal fragments (P-CTF), which subsequendy 
gives rise to A|3. In the next set of experiments we investigated 
these BACE1 cleavage products after metformin treatment in a 
human cell line model overexpressing the Swedish mutation of 
APP (SH-SY5Y-APP swe ). a- and P-secretase compete for APP as 
their substrate, with cleavage by the a-secretase being normally 
favored in cell lines. To combat this, we used the Swedish 
mutation to promote the amyloidogenic pathway by P-secretase 
cleavage and increase P-CTF production [26] . This enabled us to 
detect this cleavage product and the impact of metformin on a 
direct BACE1 product in cell culture. Metformin treatment 
resulted in a clear reduction of P-CTF and a decline in BACE1 
protein levels (Fig. 3, Fig. SI). 

BACE1 translation is regulated by pS6 and inhibited by 
metformin 

The observation that BACE1 protein, but not mRNA, levels are 
decreased by metformin suggests that metformin may act by 
inhibiting BACE1 protein translation. As we have shown 
previously, metformin induces PP2A activity and thereby dephos- 
phorylates PP2A target proteins [22], including the translational 
regulators p70 S6 kinase (S6K) and ribosomal S6 protein. When 
phospho-activated, S6K phosphorylates S6, facilitating recruit- 
ment and translation of mRNAs containing a 5' terminal 
oligopyrimidine tract (5 '-TOP) [27]. In silico prediction of 5'- 
TOP motifs in the BACE1 mRNA revealed a typical 5'TOP motif 
at the transcription start site (CTTTCCG). Therefore, S6K and 
S6 are good candidates for being translational regulators 
mediating the metformin effect on BACE1 protein expression. 
Furthermore, the MID1-PP2A complex binds to and regulates the 
translation of GC-rich mRNAs. This regulation is achieved by 
MIDI -mediated recruitment of S6K and S6 to the respective 
mRNAs [24,25]. We performed an in silico prediction of the 
structure of MIDI associated sequences (MIDAS) [24] and 
analysed the BACE1 mRNA for such structural motifs. In 
addition to the predicted 5'TOP sequence, the BACE1 mRNA 
contains several sites that fold like a MIDAS motif. To test if the 
MIDI complex together with S6K and S6 could be involved in 
regulating BACE1 translation, we first tested for phosphorylation 
of S6 in primary neurons with or without metformin treatment on 
western blots. In line with our previous observations [28], we 
observed a significant reduction of pS6 after treatment with 
metformin (Fig. 4A), which coincided with the reduction of 
BACE1 protein (see Fig. 2). To further validate the connection 
between the MID 1 -complex, the phosphorylation/ activity of the 
ribosomal protein S6 and the BACE 1 protein levels, we performed 
an mRNA protein pulldown. In vitro transcribed fragments (see Fig. 
S2) of the BACE1 mRNA containing the predicted MIDAS 
structural motifs were coupled to beads and incubated with protein 
extracts of MIDI -FLAG overexpressing cells either in the presence 
or absence of 5 mM metformin. After extensive washing mRNA- 
bound proteins were analysed on western blots for the presence of 
MIDI -FLAG, S6K and S6. In line with the idea that the MID1- 
complex together with phospho-activated S6 can regulate BACE1 
protein levels, binding of MIDI, S6K, S6, and PP2Ac to the 
BACE1 mRNA probes was detected (Fig. 4B). We confirmed 
binding of the MIDI protein to endogenous BACE1 mRNA in an 
RNA immunoprecipitation-assay, in which we analyzed immuno- 
purified MID 1 -complexes by realtime PGR for MIDI -bound 



mRNAs. Of note, binding of the MIDI -protein to the BACE1 
mRNA was not changed after treatment of the cells with 
metformin, suggesting that metformin affects the translation of 
BACE1 mRNA by dephosphorylating S6K and S6, rather than by 
inhibiting the mRNA-protein binding between MIDI and the 
BACE1 mRNA (Fig. 4C). To further validate the connection 
between phosphorylation/activity of the ribosomal protein S6 and 
the BACE1 protein levels, we applied a panel of kinase inhibitors, 
which inhibit diverse kinases involved in insulin signalling. In line 
with the idea that phospho-activated S6 could regulate BACE1 
protein levels, all kinase inhibitors involved in the regulation of S6 
phosphorylation decreased BACE1 protein levels to a similar 
degree as metformin, giving further credence to the idea that 
phospho-activated S6 can regulate BACE1 levels (Fig. 4D). 

BACE1 protein levels decrease upon treatment with 
metformin in vivo 

Finally, we wanted to test metformin's effects on BACE1 
expression in an in vivo setting. To this end, we treated wild-type 
C57BL/6J mice for 2 weeks with 5 g/1 metformin (=0.03 M) in 
the drinking water. Afterwards, whole brain lysates were analyzed 
on western blots. In agreement with our cell culture findings, 
metformin treated animals had significantly decreased BACE1 
protein levels compared to untreated controls. Additionally, S6 
phosphorylation also decreased in the treated animals (Fig. 5). Of 
note, neither the daily water intake nor the body weight of treated 
animals differed significantly from non-treated control animals 
(Fig. S3). Together, our data indicate that metformin treatment 
can decrease BACE1 protein expression and activity, thereby 
reducing BACE1 cleavage products and AP production. 

Discussion 

Alzheimer's disease (AD) is characterized by two pathological 
hallmarks: senile plaques, which are composed of AP peptides, and 
neurofibrillary tangles, which are composed of hyperphosphory- 
lated TAU protein. In this study, we investigated the effect of 
metformin on the main amyloidogenic enzyme BACE1 and its 
direct cleavage product P-CTF, the precursor substrate for the 
production of AP peptides. We show that treatment with the anti- 
diabetic drug metformin decreases BACE 1 protein expression (see 
model Fig. 6) and activity, thereby reducing BACE1 cleavage 
products. 

Metformin treatment of a cell model for insulin resistance has 
previously been reported to attenuate AP production, in agree- 
ment with our observation of metformin inhibiting BACE1 protein 
production [29] . There is not universal support of this finding in 
the literature, with one report of metformin treated primary 
neurons showing increased BACE1 levels [30]. These different 
results may be due to differences in used metformin concentrations 
or other protocol/ culture differences. While Chen et al. observed 
increased BACE1 mRNA levels, protein levels and AP production 
in cell cultures in the absence of insulin, addition of insulin to the 
culture medium reduced AP production. This reduction could 
even be enhanced by addition of metformin [30] . This reduction is 
in agreement with our own observations, since we have performed 
all of our experiments in the presence of insulin. 

Under normal conditions, BACE1 cleaves AP at Glul 1. Further 
cleavage by y-secretase leads to a truncated non-amyloidogenic AP 
isoform. Introducing the Swedish mutation into APP results in a 
switch of the cleavage site, and thus cleavage at Aspl generating P- 
CTF. Cleavage of P-CTF by y-secretase produces amyloidogenic 
Ap. Therefore, cleavage at the Aspl is enhanced in AD models 
carrying the Swedish mutation [2]. Metformin, by reducing 
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BACE1 levels, most likely reduces cleavage at both Glull and 
Aspl, since we have detected reduction of (5-CTF in a cell line 
model carrying the Swedish mutation as well as reduced (3- 
secretase activity in wildtype neurons. 

In addition, we show that metformin reduces BACE1 protein 
levels in wild type mice (C57BL/6J). Interestingly, Wang et al. 
observed in another non-AD mouse model (C57/129J) that 
metformin enhances spatial memory formation, probably by 
promoting neurogenesis [31]. In obese, leptin-resistant mice, 
metformin attenuates AD-like phospho-tau neuropathology. Fur- 
thermore, A(5 levels in these mice are increased and this increase is 
attenuated by both metformin and saline treatment [32]. In 
contrast to the settings in our study, these mice were diabetic and 
injected with metformin for 18 weeks. Clearly, future studies in 
different AD mouse models are needed to investigate the effect of 
metformin on the AD pathology more deeply. 

Translation of several proteins implicated in neurodegeneration 
is regulated by complexes containing the ubiquitin ligase MIDI 
[24,25,33]. This regulation is achieved by MID 1 -mediated 
recruitment of the translational regulators S6K and S6 to mRNA 
[24,25]. When phospho-activated, S6K phosphorylates S6, 
facilitating recruitment and translation of associated mRNAs 
[27]. Here, we show that BACE1 mRNA binds to MIDI, 
suggesting that BACE1 mRNA translation is also initiated/ 
regulated by the MIDI regulatory complex. Since metformin 
interferes with the assembly of the MIDI protein complex, it 
thereby reduces translation of BACE1 mRNA (see model Fig. 5), 
leading to decreased P-secretase activity in the cell. As BACE1 is 
responsible for formation of cytotoxic AP peptides, reduced P- 
secretase activity may result in diminished AP production. 
Additionally, metformin also decreases tau-phosphorylation by 
disassembly of the MIDI protein complex, leading to reduced 
PP2A activity [22]. The targeting of both major pathological 
hallmarks of AD makes metformin a particularly interesting 
candidate for treating the AD neuropathology. 

The MIDI protein complex not only regulates PP2A activity 
but also the activity of the PP2A opposing kinase mTOR. Though 
it has an inhibitory function on PP2A [23], MIDI positively 
regulates mTOR [34] . Among other effects, metformin disassem- 
bles the MIDI complex [22], thereby activating PP2A and 
suppressing mTOR. Decreased mTOR signalling results in (i) 
activation of autophagy and (ii) decreased translation of mRNAs 
regulated by its downstream effectors S6K and 4E-BP1 [35]. 
However, metformin's effect on MID1/PP2A and mTOR- 
dependent translation will most likely not be specific for BACE1, 
with translation of other mRNAs that are regulated by PP2A/ 
mTOR also likely reduced. Both induction of autophagy and 
reduced protein translation are especially vital for the adult 
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